In the present study, we sought to provide further support for the hypothesis that OSU-40 kills trypanosomes through oxidative stress. Inducible RNA interference (RNAi) was applied to downregulate key enzymes in parasite antioxidant defense, including T. brucei trypanothione synthetase (TbTryS) and superoxide dismutase B (TbSODB). Both TbTryS RNAi-induced and TbSODB RNAi-induced cells showed impaired growth and increased sensitivity toward OSU-40 by 2.4-fold and 3.4-fold, respectively. Decreased expression of key parasite antioxidant enzymes was thus associated with increased sensitivity to OSU-40, consistent with the hypothesis that OSU-40 acts through oxidative stress. Finally, the dose-dependent formation of free radicals was observed after incubation of T. brucei with OSU-40 utilizing electron spin resonance (ESR) spectroscopy. These data support the notion that the mode of antitrypanosomal action for this class of compounds is to induce oxidative stress.
H
uman African trypanosomiasis (HAT) is a vector-borne parasitic disease caused by the Trypanosoma brucei subspecies T. b. rhodesiense and T. b. gambiense. The trypanosome proliferates in the host's hemolymphatic system during the first stage of HAT and invades the central nervous system in the second stage. Transmitted by the tsetse fly, the disease mainly affects rural populations in sub-Saharan Africa and is fatal if untreated. Although according to the World Health Organization the number of new cases has dropped to just over 7,000 during 2010 (39) , very few drugs are available to treat HAT (2, 4, 42) . Pentamidine and suramin, both developed in the first half of the 20th century, are used against first-stage disease, while melarsoprol and eflornithine are used to treat second-stage disease. These drugs are far from satisfactory due to limitations such as severe toxicity, poor efficacy, acquired resistance, rising failure rates, and lack of availability (2, 4, 42) . With high efficacy and a good safety profile, nifurtimox-eflornithine combination therapy (NECT) was introduced as a first-line treatment for second-stage HAT caused by T. b. gambiense in 2009 (4, 22, 42) . However, administration of NECT is relatively complicated, and its efficacy toward T. b. rhodesiense is still questionable (4, 42) . Thus, new drugs are needed against HAT that are safe, affordable, easy to administer, active against first-and second-stage disease, and effective against both subspecies of T. brucei (4, 42) .
From a previous synthetic medicinal chemistry study, we discovered several N1-substituted 1,2-dihydroquinoline-6-ols displaying nanomolar 50% inhibitory concentrations (IC 50 s) in vitro against T. b. rhodesiense and selectivity indexes (SI) up to Ͼ18,000 (11) . OSU-40 (1-benzyl-1,2-dihydro-2,2,4-trimethylquinolin-6-yl acetate) ( Fig. 1) showed a potency (IC 50 , 0.014 M; SI, 1,700) close to that of melarsoprol (IC 50 , 0.008 M; SI, 1,000) against T. b. rhodesiense STIB900 in vitro. In an early treatment mouse model of acute African trypanosomiasis, OSU-40 prolonged the life span of infected mice when given intraperitoneally (i.p.) at 50 mg/kg/day for 4 consecutive days (Ͼ14 days versus 7.75 days for untreated controls). A subsequent study showed that three closely related dihydroquinolines provided cures in a murine model of African trypanosomiasis when given i.p. at 50 mg/kg/day for 4 days (29) . The following observations pointed to ROS generation as a mechanism to account for the antitrypanosomal activity of the dihydroquinolin-6-ols. First, SAR studies suggested that only dihydroquinolines capable of forming a quinone imine species through bioactivation displayed potent in vitro antitrypanosomal activity (11) . Second, an experiment using the redox-sensitive dye CM-H 2 DCFDA was consistent with the hypothesis that ROS were produced in the parasites dose dependently when T. b. brucei was exposed to OSU-40 in vitro (11) .
In this study, we used OSU-40 to further investigate the mode of action of these promising dihydroquinolines. From both indirect evidence from RNA interference (RNAi) of enzymes involved in parasite antioxidant defense and direct evidence provided by electron spin resonance (ESR) spectroscopy, we conclude that OSU-40 induces oxidative stress. These studies further establish the mode of action of the dihydroquinolines and suggest the induction of oxidative stress as a promising target for anti-HAT drug development.
MATERIALS AND METHODS

Materials.
All chemicals were purchased from Sigma-Aldrich Chemical Co., unless stated otherwise. OSU-40 was synthesized following the procedure of Fotie et al. (11) .
Trypanosome culture. Bloodstream form T. brucei brucei strain 221 and transgenic cell line 90-13 (a gift from James Morris, Clemson University, SC) were cultured at 37°C under 5% CO 2 in HMI-9 medium (14) supplemented with 20% fetal bovine serum. 90-13 cells were supplemented with 2.5 g/ml G418 and 5 g/ml hygromycin.
Generation of RNAi constructs. Fragments of the T. brucei genes encoding trypanothione synthetase (TbTryS) and superoxide dismutase B (TbSODB) were amplified by PCR from T. b. brucei 90-13 genomic DNA (see Table 1 for primer sequences), digested with HindIII and XhoI, and cloned into the pZJM␣ vector (38) , replacing the ␣-tubulin stuffer region, and transformed into Escherichia coli DH5␣ competent cells (Invitrogen, Carlsbad, CA). Plasmid DNA was purified using a DNA maxiprep kit (Qiagen, Valencia, CA), and inserts were verified by DNA sequencing. Prior to transfection, the plasmids pZJM␣-TbTRYS and pZJM␣-TbSODB were linearized by digestion with NotI.
Transfection of the parent cell line. Bloodstream form parental 90-13 cells were transfected with the Nucleofector system (Lonza, Basel, Switzerland). A total of 1.5 ϫ 10 7 to 3 ϫ 10 7 cells at mid-log phase (culture density, 3 ϫ 10 5 to 6 ϫ 10 5 cells/ml) were resuspended in 100 l of freshly made human T-cell Nucleofector solution, mixed with 5 g of the desired linearized pZJM␣ construct, and subjected to nucleofection employing program X-001 (3). Immediately after transfection, cells were transferred into 75 ml of prewarmed medium and incubated overnight for recovery at 37°C under 5% CO 2 . Selection was achieved by the addition of 2.5 g/ml phleomycin. For controls, the same procedure was conducted without DNA. Resistant clones were evident after approximately 10 days and transferred to culture flasks. Clonal cells were obtained by limiting dilution.
Phenotype growth inhibition. Bloodstream form trypanosomes transfected with each of the RNAi constructs were maintained at cell densities from 1 ϫ 10 5 to 5 ϫ 10 6 cells/ml at 37°C in the presence or absence of 1 g/ml tetracycline. Every 20 to 24 h, aliquots were taken from cell culture and parasite growth was assessed microscopically. Cumulative cell density was obtained by multiplying the cell density by the overall dilution factor at each time point.
qRT-PCR. Approximately 0.5 ϫ 10 7 to 1 ϫ 10 7 cells were collected 3 days after the induction of RNAi, and RNA was isolated using the RNeasy minikit (Qiagen, Valencia, CA). Residual DNA was removed using the TURBO DNA-free kit (Applied Biosystems, Carlsbad, CA). cDNA was synthesized using the iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). Quantitative real-time PCR ((qRT-PCR) was performed using iQ SYBR green supermix (Bio-Rad, Hercules, CA) in a Bio-Rad CFX96 real-time PCR system (initial denaturation at 94°C for 3 min, followed by 40 cycles of denaturation at 94°C for 10 s and annealing and extension at 57°C for 30 s). All reactions were normalized to trypanosome ␤-actin (TbActin). Relative mRNA expression was analyzed using the cycle threshold (2 Ϫ⌬⌬CT ) method (20) . Primer sequences for TbTryS and TbActin are shown in Table 1 .
Western blotting. All steps were carried out at room temperature unless otherwise noted. Approximately 1 ϫ 10 7 to 1.5 ϫ 10 7 cells were pelleted by centrifugation at 800 ϫ g for 10 min and lysed in 30 to 50 l of lysis buffer containing 50 mM Tris-HCl (pH 8.1), 1% sodium dodecyl sulfate (SDS), 10 mM EDTA, and SigmaFAST protease inhibitor tablets. Lysates were sonicated for 10 s using a Virtis Virsonic 300 ultrasonic cell disruptor and cooled on ice for 10 s. Cell debris was cleared by centrifugation at 13,200 ϫ g for 15 min at 4°C. Protein concentrations of soluble fractions were measured using a bicinchoninic acid assay (Pierce, Rockford, IL). Lysates were boiled for 10 min following addition of 5ϫ SDSpolyacrylamide gel electrophoresis sample buffer (300 mM Tris-HCl [pH 6.8], 10% SDS, 5% ␤-mercaptoethanol, 50% glycerol, 0.05% bromophenol blue). Ten micrograms of protein from each lysate was resolved on 10% SDS-polyacrylamide gels and transferred to Amersham Hybond-ECL nitrocellulose membrane (GE Healthcare, Pittsburgh, PA). Membranes were blocked with 5% (wt/vol) nonfat milk in TBST (20 mM Tris-HCl, 150 mM NaCl [pH 7.6], 0.1% Tween 20) for 30 min and washed 3 times for 10 min with TBST prior to incubation with primary antiserum. Rat polyclonal antiserum against recombinant TbTryS (provided by Alan Fairlamb, University of Dundee, United Kingdom) was diluted 1:500 in TBST containing 5% (wt/vol) bovine serum albumin. Rabbit polyclonal antiserum against parasite ␣-enolase (provided by Paul Michels, Catholic University of Louvain, Brussels, Belgium) was diluted 1:1000 in TBST containing 5% (wt/vol) nonfat milk. The membranes were washed 3 times for 10 min in TBST and incubated with goat anti-rat or anti-rabbit immunoglobulin G-horseradish peroxidase (Jackson ImmunoResearch Laboratories, Inc.) conjugates (1:5,000) for 1 h. Following three 10-min washes with TBST, the proteins were visualized by chemiluminescence with Amersham ECL Western blotting detection reagent (GE Healthcare, United Kingdom).
In vitro susceptibility assay. All incubations were carried out at 37°C in a humidified 5% CO 2 atmosphere, unless otherwise noted. The activity of compounds toward TbTryS RNAi and TbSODB RNAi cell lines were tested in the presence or absence of 1 g/ml tetracycline following the procedure of Reid et al. (29) with some modifications. Parasite cultures at a starting density of 1 ϫ 10 5 cells/ml were seeded in 96-well plates in a volume of 100 l/well with or without test compounds for 72 h. Twentyfive microliters of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (5 mg/ml in autoclaved water) was added to each well, followed by an additional 2 h of incubation. One hundred microliters of 10% SDS lysis buffer (prepared in 50% dimethyl formamide) was added to each well, and plates were incubated for 3 to 6 h. A SpectraMax Plus microplate reader (Amersham Biosciences, Piscataway, NJ) was used to measure the optical densities of each well at 570 nm. IC 50 s were determined with the aid of the software program SoftMax Pro (Amersham Biosciences, Piscataway, NJ), using the dose-response equation
, where x is the drug concentration, y is absorbance at 570 nm, a is the upper asymptote, b is the slope, c is the IC 50 , and d is the lower asymptote. ESR. The production of free radicals was detected by ESR spectroscopy after incubation of compounds with bloodstream form T. b. brucei strain 221 parasites. Cells in the late log stage were centrifuged at 800 ϫ g for 10 min and resuspended in 50 mM phosphate buffer (pH 7.4) in the presence of 10 mM glucose, 10 mM spin trapping reagent 5-(diethoxyphosphoryl)-5-methyl-1-pyrroline N-oxide (DEPMPO), and 10 M chelating reagent diethylenetriamine-pentaacetic acid (DETPAC). Stock solutions of the compounds in DMSO were added, after which the suspension was transferred into a 50-l capillary tube and incubated for 60 min. ESR spectra were recorded on a Bruker EMX X-band spectrometer system (Bruker Biospin, Billerica, MA) and characterized by computer simulations using Winsim software (Public EPR Software Tools, National Institute of Environmental Health Sciences, Durham, NC).
Statistical analysis. Statistical significance was assessed by Student's t test using SigmaPlot 10.0 software (Systat Software, Inc., San Jose, CA). Differences were considered significant when P was Յ0.05. (Fig. 2A) . The doubling time increased from 8.6 h to 11.1 h as measured over the first 5 days postinduction, with a cumulative cell density for induced parasites being 11% of that of the noninduced cultures on day 5. Western blot analysis confirmed that the level of TbTryS protein was significantly reduced in TbTryS RNAi-induced cells compared to that in noninduced and wild-type cultures (Fig. 2B) . The results described above were consistent with reported effects of TbTryS RNAi on parasite growth and the level of TbTryS protein in T. brucei parasites (1, 7) .
RESULTS
RNAi-mediated knockdown of TbTryS results in reduced
TbTryS is an essential enzyme in the parasite defense against oxidative stress (1, 7) . If the trypanocidal effect of OSU-40 is mediated through extensive oxidative stress, we hypothesized that downregulation of TbTryS should then sensitize the parasites to OSU-40. Consistent with our hypothesis, RNAi-induced bloodstream form trypanosomes were 2.4-fold (P Ͻ 0.05) more susceptible to OSU-40 as determined by MTT assays of parasite viability (Fig. 2C) . H 2 O 2 , nifurtimox, and suramin were employed as controls. Both H 2 O 2 and nifurtimox were reported to show increased activity on trypanosomes with TbTryS knockdown by RNAi (1, 7) . Suramin, which served as a negative control for the changes in potency of OSU-40 following TbTryS knockdown, acts through a mechanism not directly related to oxidative stress (2). The potencies of H 2 O 2 and nifurtimox both increased on RNAi-induced parasites by 2.2-fold (P Ͻ 0.01) and 1.6-fold (P Ͻ 0.05), respectively, while the activity of suramin was unchanged.
RNAi-mediated knockdown of TbSODB increases sensitivity toward OSU-40 in vitro. To further confirm that downregulation of essential trypanosome antioxidant enzymes leads to increased sensitivity to OSU-40, a TbSODB RNAi cell line was also generated. Consistent with previously reported findings (40), RNAi-mediated downregulation of TbSODB led to a dramatic decrease in parasite growth rate (Fig. 3A) , with the doubling time lengthened from 5.7 to 9.3 h over the first 5 days after induction and with the cumulative cell density of induced parasites being as low as 0.3% of that of the noninduced cultures on day 5.
The antiparasitic potency of OSU-40 was evaluated in TbSODB RNAi-induced and noninduced parasites, together with H 2 O 2 , nifurtimox and suramin. Similar to our observation with TbTryS RNAiinduced trypanosomes, parasites with downregulated TbSODB became 3.4-fold (P Ͻ 0.01) more susceptible to OSU-40. H 2 O 2 and nifurtimox were also more active on RNAi-induced parasites (2.6-fold [P Ͻ 0.05] and 4.1-fold [P Ͻ 0.005], respectively). At the same time, downregulation of TbSODB did not lead to a significant rise in susceptibility to suramin. This again confirmed that the increased activity of OSU-40 was not a general effect due to the knockdown of TbSODB.
OSU-40 induces free radical formation when incubated with bloodstream form T. brucei. Parasites were treated with OSU-40 for 1 h, and the cell suspension was analyzed using ESR spectroscopy. The spin trapping reagent DEPMPO was added to the cell suspension to permit the measurement of short-lived free radicals. Clearly resolved 12-line spectra were observed after treatment of trypanosomes with both OSU-40 and H 2 O 2 (Fig. 4A) (Fig. 4B) .
DISCUSSION
For drugs and drug candidates, knowledge of their mode of action can direct efforts to improve activity, pharmaceutical properties, and clinical applications. Mode-of-action studies can also shed light on the basis for selectivity and mechanisms of resistance. Understanding the mode of action of a novel series of compounds should also provide direction for further structural modifications to improve activity. In this article, we present data that suggest the activity of antitrypanosomal dihydroquinolines is through induction of oxidative stress. We rationalize that the potency and selectivity of this series of compounds are based on the limited ROS-scavenging capacity of the parasite's redox system and/or peculiarities in the redox status of trypanosomes compared to host cells (16-18, 21, 31, 34) .
We hypothesized that parasites with reduced expression of ROS-detoxifying enzymes would offer the opportunity to test our idea that antitrypanosomal dihydroquinolines act through inducing oxidative stress. For these experiments, we used an inducible RNAi system to independently knock down the ROS-detoxifying enzymes TbTryS and TbSODB, thus creating parasites with a compromised ROS detoxification system. We selected these enzymes on the basis of their proven essentiality using both chemical and genetic approaches (1, 7, 27, 32, 40, 41) . TbTryS has been RNAi was initiated and maintained for at least 2 days prior to susceptibility assays. The results shown are the means of at least three independent experiments Ϯ SE (n ϭ the number of independent experiments). Asterisks (*, P Ͻ 0.05; **, P Ͻ 0.01; and ***, P Ͻ 0.005) indicate statistically significant differences in IC 50 s between RNAi-induced and noninduced cells as assessed by Student's t test.
validated as a drug target using small molecule inhibitors (32) , and TbSODB-null parasites show increased sensitivity to the superoxide-generating molecules paraquat and nifurtimox (27) . In our experiments, an increased susceptibility to OSU-40 was observed upon knockdown of either TbTryS or TbSODB, consistent with the hypothesis that antitrypanosomal dihydroquinolines induce oxidative stress in the parasite.
We observed a more dramatic increase in susceptibility to OSU-40 in TbSODB RNAi parasites (3.4-fold) compared to the results with TbTryS RNAi parasites (2.4-fold). Reduced expression of TbSODB would be expected to lead to rapid accumulation of superoxide anion within the trypanosome, considering that TbSODs are the only enzymes responsible for detoxifying this highly toxic radical in the parasite. However, RNAi-mediated knockdown of TbTryS was previously reported to increase expression of T. brucei trypanothione reductase (TbTryR), ␥-glutamylcysteine synthetase (Tb␥-GCS), and ornithine decarboxylase (TbODC) (1) . It is possible that the upregulation of these enzymes could serve to maintain a favorable intracellular redox potential and lead to less dramatic effects on both growth rate and OSU-40 susceptibility in TbTryS RNAi-induced parasites. In addition to work with TbTryS and TbSODB, we generated parasites harboring a TbSODA RNAi targeting construct. While 6-fold-lower mRNA levels were observed 3 days after the addition of tetracycline, neither the growth rate nor the susceptibility to OSU-40 was affected in TbSODA RNAi organisms (data not shown). A possible explanation for these observations may be that TbSODB could compensate for the loss of TbSODA in the TbSODA RNAi-induced parasites.
We have also shown direct evidence through ESR spectroscopy that the dihydroquinoline OSU-40 induces free radical formation. ESR (also known as electron paramagnetic resonance [EPR]) spectroscopy detects paramagnetic species in an external magnetic field, where the paramagnetic species absorb microwave energy leading to the transition of spin states (19, 37) . Spin trapping allows the detection of radicals by ESR spectroscopy through the formation of radical adducts between the spin trapping reagent and free radicals. The technology has been used in chemical systems and increasingly in biomedical applications, including the measurement of free radical formation in trypanosomatids and other biological systems (6, 23, 26, 37) . In this study, inclusion of 1 M OSU-40 in trypanosome cultures resulted in a clear ESR signal in as little as 30 min (data not shown). Also, a dose-dependent production of signals corresponding to free radical species was observed after treating the parasites with OSU-40 for 60 min. These data are consistent with our previous experiments showing increased fluorescence when trypanosomes were incubated with the redox active dye CM-H 2 DCFDA in the presence of OSU-40 (11) . The spectra recorded after treatment of trypanosomes with OSU-40 and H 2 O 2 showed identical ESR features, which suggest the radicals are carbon centered in both cases and possibly produced by the same mechanism. However, we do not know if this represents initial or end products and whether the initial products are different in the two cases.
A pharmacokinetic study of OSU-40 and OSU-36·HCl in rats showed that OSU-40 was rapidly converted to OSU-36 in plasma, with OSU-36 subsequently undergoing oxidative metabolism (12) . Together with the results obtained here, we propose the following addition to the proposed mode of action of antitrypanosomal dihydroquinolines (11) (Fig. 5) : compounds esterified at the 6-oxygen atom are hydrolyzed by esterases and then oxidized to the corresponding quinone imine species spontaneously. Redox cycling between the quinone imine and semiquinone radical results in the generation of superoxide. Trypanothione reductase has been reported to catalyze the reduction of quinones (5, 13, 30) and could facilitate the initiation of single-electron redox cycling. Hydrogen peroxide and hydroxyl radical formed as a consequence of superoxide production (15, 33, 34) together with superoxide would lead to T. brucei parasite cell death.
A central issue regarding reagents inducing oxidative stress is selectivity. Although increased levels of ROS are certainly toxic to a pathogen such as T. brucei, excessive amounts of these reactive species can be toxic to the host due to their high reactivity with biological molecules such as DNA, protein, and lipids. However, selectivity can be achieved through different manipulation of vulnerability to oxidative stress. For example, targeting the ROS stress response has been proposed as a strategy to selectively kill cancer cells (28, 33, 35) . The small molecule piperlongumine was recently reported to lead to apoptotic cell death in cancer cells by increasing the level of ROS (28) . An altered redox status appears to make cancer cells more vulnerable to oxidative stress, providing the basis for selectivity of this novel chemotherapeutic strategy (28, 33, 35) . In the case of trypanosomatids, ROS generation has been widely studied as a mechanism for drugs targeting T. cruzi. In fact, the two agents used clinically for treating American trypanosomiasis, nifurtimox and benznidazole, are both suggested to induce free radical formation (8) (9) (10) 21) . The selectivity of ROS-generating reagents for trypanosomatids over host cells might be explained by the unique biochemical features of these parasites, particularly their peculiar ROS-scavenging system based on trypanothione-dependent peroxidases (16-18, 21, 31, 34) . Trypanosomatids also lack glutathione reductase, thioredoxin reductase, catalase, and selenium-containing glutathione peroxidases, possibly making them deficient in defense against oxidative stress. Fairlamb et al. proposed that the essential parasite enzymes trypanothione synthetase (32, 41) and trypanothione reductase (24, 25) are promising drug targets and reported different classes of small molecule inhibitors (24, 25, 32) that interfere with the ROS-scavenging system. Taken together, these studies support the idea that the induction of oxidative stress can be an effective strategy for developing antitrypanosomal agents.
In conclusion, we have demonstrated that decreased expression of the key trypanosome antioxidant enzymes TbTryS and TbSODB results in an increased susceptibility of bloodstreamform T. brucei to the representative dihydroquinoline OSU-40. We have also used ESR spectroscopy to directly detect the formation of free radicals upon exposure of T. brucei to OSU-40. These data strongly support that the mode of antitrypanosomal action for this class of compounds is to induce oxidative stress. Validation of the induction of oxidative stress as the mode of action for dihydroquinolines may open the door for new therapeutic strategies targeting African trypanosomiasis.
